Many kinds of passive and active mixers have been studied using micromixing principles, and many of them mainly depend on molecular diffusion as the source of the mixing. Therefore, using a small diffusive distance is a primary method of improving in micromixing. The study of straight-flow micromixing utilizing a gas-liquid free interface in our laboratory confirmed that regional changes in flow direction near the bubble played a definitive role in rapid mixing. To achieve fast mixing using these two effects, we developed a new micromixing device that utilizes a thin liquid film between two static bubbles. The size of the bubbles was larger than that of the channel cross section in a Y-type straight-flow microchannel. In this study, we discuss the formation and behavior of bubbles or liquid films on the basis of the results of bubble forming experiments, as basic research toward developing the new device. We conducted the experiments using several test channels that had different sizes and locations of bubbles, and using CFD (computational fluid dynamics) simulation, we calculated the mixing performance in different designs of the mixing device. As a result, we successfully achieved the formation of static bubbles and thin liquid films under the condition of a low Reynolds number of 0.17. In addition to confirming that our new mixing device can be applied under that condition, we found that it has a stable capability for mixing.
Introduction
A microreactor is a device in which chemical reactions take place in a volume having microscale dimensions (1) (2) . One typical application is μTAS (micro total analysis system), which is used in organic synthesis, biotechnology, etc. A micromixer is a specific device for mixing and promoting chemical reactions in such systems (3) (4) .
Micromixing principles can be categorized into two categories, passive and active mixing. The former involves mixing by pumping energy and the latter mixing by providing external energy. The merits of passive mixing are that the mechanism is relatively simple and highly reliable. However, the primary method to encourage mixing requires a small diffusive distance, and a very small reference length of the capillary channel (5) (6) . This leads to a lower rate of production and increasing pressure loss in the channel. Therefore, developing an effective technique to the mixing on a relatively large scale in the microregion can have an important role in applying the technique industry-wide. In our laboratory, we studied micromixing devices using gas-liquid free interface. It has two merits: it can decrease the pressure loss in the channel, and it is much simpler to install than a micro solid mechanism. Figure 1 (a) shows a straight-flow micromixer with many static bubbles and gas chambers to enable the static bubbles to cause a pressure jump at the interfa area o with m interfa ace between the liquid and gas phases, and to create of the interface between two liquids (7) . In Fig. 1 (b) moving interfaces" has two gas chambers that cont ace cyclically (8) .
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interfaces take relatively large radius of curvature towards the direction of the channel depth, minimum thickness of liquid film can be defined as minimum distance between the two bubbles at x-y plane. It is thought that the strength of diffusive and convective flux for the mass transport in the new mixing device depends on the location of the bubbles to provide minimum thickness of the liquid film and the change of the flow direction in the liquid film. In forming the bubble, its shape and location in the microchannel have to be kept constant to bring the mixing process into existence. However, if the liquid film becomes too thin by inflating the bubbles by increasing the backpressure in the gas phase, the liquid flow velocity increases and the static pressure in the liquid phase of the liquid film decreases. In this situation, the bubbles needed to build the liquid film will change their radius of curvature, as shown in Eq. (2). When there is an imbalance among the increase of the backpressure in the bubbles in the gas phase, the decrease of the static pressure in the liquid phase, and the change of the radius of curvature at the gas-liquid free interface, the interface will become unstable, making it difficult to form and maintain the bubbles as a mixing device in the channel.
To control the behavior of the bubbles against change in static pressure in the liquid phase, the volume change of the bubble has to be controlled in the gas phase against the change of the Laplace pressure. To solve this problem, we investigated the rate of the volume change applied to the bubble. We assume that the bubble is formed only by the gas in the small chamber, and that its behavior depends both on the shape and particularly on 
Method
We prepared four test channels of different small chamber designs at the bubble holding section, which were made by a photoresist method (2)(4) (10) , as shown in Fig. 6 . The base design of the four test channels is a Y-type channel whose channel width is 0.15 mm, depth is 0.10 mm, and inlet angle to the main channel is 45 degrees, as shown in Fig. 6 (a). The bubble holding section was set 3.0 mm lower than the junction point, as shown in Fig. 6 (b). Table 1 shows the dimensions of the three parameters in the bubble holding section for the four different types of test channels The experimental apparatus consisted of four units, each with a specific function: supplying liquids, controlling the air to form bubbles, observing the experiments, and recording the images. The liquid supply unit dispensed 0.5 μl/min of the liquid for each inlet by means of two microsyringes and syringe drivers. The air control unit used to form bubbles supplied pressurized air into the gas chambers and controlled bubble forming; it was composed of two microsyringes having 1ml capacity and a manually powered microsyringe driver. The observation and recording units were composed of a 40-power microscope, a camera with a charge-coupled device, and a personal computer with a liquid crystal display. The liquid used for the experiments was pure water at 20 degrees Celsius. The measurement of the contact angles of the pure water against the surface of the glass and PDMS (polydimethyl siloxane) using the experiments under atmosphere indicated nearly 90 degrees as shown in Table 2 . They satisfy our assumption about the shape of the interface. The details of the apparatus and the flow conditions are shown in Fig. 7 and Table 3 . 
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We used CFD simulation to investigate the concentration distribution in some test channels to estimate the mixing efficiency of the various designs of our mixing device. In the calculation of mass transport, we assumed a two-dimensional steady state and a one-phase flow in our CFD simulation and solved the governing equations (11) , Eqs. (3) and (4), for each cell. We used a finite volume method as the discretization method.
For the actual calculation, we built a two-dimensional model using commercial CFD software package "PHOENICS" (11) , as shown in Fig. 8 . The analysis domain is 7.241 mm in x-direction (flow direction is right-left in Fig. 8 ), and 0.30 mm in y-direction (width direction is up-down in Fig. 8 ). We made a number of CFD models with varying device distances from 0.00 mm to 0.25 mm by moving the lower bubble object horizontally in the flow direction. The boundary conditions on the surface of the upper and lower bubble objects in the CFD models were set to a full-slip condition or a non-slip condition, respectively. The non-slip condition was used in another model to compare with the experiment and to understand the influence of surface conditions. There were 800~850 cells in the x-direction, and 42 cells in the y-direction. "Thickness of liquid film" is defined as the "minimum distance between the surface of the upper and lower objects", and has different values for the models with different device distances. These relationships are shown in Table 3 . The results were evaluated every 1.0 mm from the junction point to a point 7.0 mm away from the junction point. The mixing efficiency was evaluated by using the relative concentration difference, which defines the difference between maximum and minimum concentration values at a particular point (8) .
The flow condition was set the same as that in the bubble forming experiments (see Table 3 ). The properties of the two fluids are the values of pure water at 293 K, as shown in Table 5 . The diffusive coefficient was set at 1.67 × 10 −10 m 2 /s because of the results obtained using a two-dimensional CFD model of a conventional Y-type channel in previous mixing experiments (7) (8) (9) . 1.002 (13) 1.67 × 10
−10
To compare and evaluate the mixing efficiency between the CFD simulation and the actual mixing, we perform mixing experiments using Types A, B, C, and D mixers. The methods used for these experiments and their evaluation were basically same as in our previous study of the "straight-flow micromixer with moving interfaces" (8) . The test fluids used for the experiments were namely pure water with blue (Brilliant blue FCF 8% + Dextrin 92%) or yellow (Tartrazine 14% and Dextrin 92%) dye 1.4wt% aqueous solution.
Physical property of the test fluids are shown in Table 5 . The measurement of the contact angles of the test fluids against the surface of the grass and PDMS (polydimethyl siloxane) using the experiments under atmosphere indicated nearly 90 degrees as shown in Table 6 , which it satisfied our assumption about the forming interface. The rate of mixing in the mixing channel was judged as the difference of "concentration value" between the two fluids at some measuring points in the mixing channel per the distance. "Concentration value" has been evaluated from the change in color of the test fluid proposed by Hessel, et al. (5) . Namely, the brightness difference of the RGB data between the top and the bottom points at channel width direction of a particular cross section of the channel was measured as l. The brightness difference at the junction point of the two inlet flows was also measured and it was defined as l max . Thus, l at a particular point was normalized as Eq. (5), which is "Relative concentration difference" (%) as evaluation method for "concentration value" (8) .
The value of "Relative concentration difference" is abbreviated to "RCD value" in this study. Then, it means that absolute value of RCD at the measuring point as the progress of mixing at the point and decreasing RCD value per a distance as increasing the rate of mixing per a distance in mixing channel. The evaluation method for mixing using RCD value at some measuring points in mixing channel is investigated in both CFD and mixing experiment in this study. Flow conditions for the experiments were the same as in bubble forming experiments, as shown in Table 3 .
Results and discussion

Results of bubble forming experiments
Photographs of the bubble forming experiments using Types A, B, and C channels are shown in Figs. 9 (a), (b), and (c), respectively. With the Type A channel shown in Fig. 9 (a) , we found that the minimum distance between the two bubbles to avoid bursting was about 0.03 mm. The two bubbles acted and deformed sensitively in the experiment and we concluded that it was difficult to form a stable, very thin liquid film using a Type-A channel. The Type-B channel shown in Fig. 9 (b) could not form the gas-liquid interface on the chamber edge completely because the chamber depth was quite small compared to the chamber width; in addition, the space to form the bubble in the channel was rather narrow. The bubbles acted and moved sensitively, but it was not easy to make a very thin liquid film.
In contrast, the Type-C channel, shown in Fig. 9 (c) , could form the bubble surface with very small curvature at channel depth direction than our assumption using this combination of chamber width and depth. The minimum distance of the liquid film was at 0.01mm. It is thought that it had enough depth of "chamber depth", inner pressure at gas phase of the interface had relatively low value necessary to form bubble surface and liquid film. In addition, the bubbles have a large degree of freedom in the flow direction and the device distance is longer than in channel Types A and B. However, we observed that the thickness of the liquid film seemed to have a limit of 0.01mm. When the liquid film was much thinner than this, the behavior of the bubbles became quite unstable and they eventually burst.
In this series of the experiments in forming bubbles and liquid films, we showed that the bubble behavior was stabilized by taking more than 0.10mm values of chamber depth. To confirm that tendency, we performed an experiment using Type-D channel, with 0.20 mm of chamber width, 0.15 mm of chamber depth, and 0.15 mm device distance, as shown in Table 1 . The result of the experiment is shown in Fig. 9 (d) . In this experiment, we could make liquid film having relatively high value of curvature at channel length direction in the channel, and the behavior of the bubble and the liquid film were the most stable among all the types of the present test channels. We think that by having a lower rate of change in the Laplace pressure due to the increased volume of the gas chamber, the bubble behavior was stabilized when the bubbles were swollen. We confirmed that to achieve stabile bubble behavior, chamber depth and bubble distance should be sufficient, at least the same length as the channel width. These findings are critical when handling two bubbles in other general applications. 
Results of CFD simulations
The As shown in Figs. 10 and 13, we found taking lowest RCD value at each measuring point after 3.5mm from the junction point was calculated at the models having 0.07mm of device distance in full-slip condition, and that of 0.08mm in non-slip condition on the surfaces of the bubble objects. This was somewhat surprising because we initially postulated that the thinnest liquid film resulted in a better mixing. However, better mixing was obtained only by having the two bubbles or two obstacles somewhat separated from each other. The distributions of RCD value with various device distances had the same tendency in both full-slip and non-slip conditions, but absolute value of RCD had maximum about 18% difference in both condition. Although the non-slip condition of solid objects was only a model study for comparison, the mixing performance with the non-slip condition was better than that with the full-slip condition.
In comparing of the minimum thickness of the liquid film between the two bubbles, the cases with 0.00mm and 0.05mm of device distance had a much thinner than the case with 0.08mm of device distance, as shown in Table 3 . However, the cases with 0.00mm and 0.05mm showed higher RCD values at each measuring point after 3.5mm from the junction point than the case with 0.07 or 0.08mm of device distance in both full-slip and non-slip conditions. This result shows that the short diffusion length of the thin liquid film is not a main factor for mixing.
On the other hand, when comparing the changing flow directions near the bubble objects, the cases with 0.10mm and 0.15mm of device distance had a larger angle against the channel length direction (x-direction) than the case with 0.07mm in the full-slip condition, or 0.08mm in the non-slip condition of device distance, as shown in Figs. 11 and 12. However, they resulted in lowest RCD value at each measuring point after 3.5mm from the junction point than in the case with 0.07 or 0.08mm of device distance.
Therefore, from the series of the CFD simulations, we believe that the convective flux for mass transport caused by the direction change of the flow near the bubble objects, and into the liquid film, were the dominant factors in mixing. The effect of molecular diffusion by the small thickness of the liquid film was involved, but it was not remarkable in the mixing of the device.
Comparing the result of the mixing between the two kinds of boundaries, the RCD value with the non-slip condition was up to 18% better than that with the full-slip condition, in absolute value at 0.07~0.08mm of device distance. However, at 0.00mm of device distance, the rate of decreasing RCD value per distance at each measuring point after 3.5mm from the junction point was almost the same or the worst under all full-slip and non-slip conditions. This indicates that the velocity gradient in the liquid film caused by the non-slip condition did not have a role in the mixing performance at 0.00mm of device distance.
When a non-slip condition for the mixing device was used, it had not only high rate of decreasing RCD value per distance between upstream and downstream of "device area", but also a high pressure loss in the device. The high pressure loss with the non-slip condition is shown in Fig. 14. As the device distance decreases, the pressure loss increases. The pressure loss here should be a combined function of the surface condition (non-slip/full-slip), the thickness of the liquid film, and the flow pattern. However, these CFD models have larger values with respect to the thickness of the liquid film in proportion to the increasing length of the device distance, as shown in Table 3 and Fig. 11 . Thus, it has to be noted that it is difficult to use the CFD models to independently estimate the influence of the surface condition and the thickness of the liquid film. Based on these CFD results, we investigated several factors contributing to decrease the RCD value, and confirmed that the large change in the flow direction with a large affected area is the most important in the current mixing device.
Results of mixing experiments
The photographs of the mixing experiments with Types A, B, C, and D channels are shown in Fig. 15 . The color in Fig. 15 was not clear because of lighting conditions during each experiment. In measuring the concentration change, the RGB value of the recorded digital data was used so that the relative value of the concentration was accurately calculated (8) . In addition, comparisons of the results in RCD value between the CFD simulations and the mixing experiments are illustrated in Fig. 16 . The CFD results compared here are the cases with full-slip conditions at the bubble surface.
In the results of Fig. 16 , after the point of the mixing device (3.50 mm from the junction point), the discrepancy between the CFD results and the experimental values of RCD was less than 10% of absolute value. In the evaluation of the experimental data, it may have contained an error of 1.5-5% of the absolute value. The results of the experiments and the CFD simulations showed similar values and tendencies regarding the distribution of RCD value. Therefore, we feel that the results of the CFD simulations could accurately reflect the actual mixing process of the new mixing device, and they also show that our new device could promote mixing.
Conclusion
In this study, we investigated the characteristics of our new micromixing device, which we call the "straight-flow micromixer with a thin liquid film." This new device is based on our knowledge of straight-flow micromixing using a gas-liquid free interface in our laboratory. Our idea is based on the insight that the enhanced mixing of the micromixing device using a bubble surface is attributed to the used convective flux for mass transport that is caused by the change of flow direction near the bubble surface, as well as by the increased molecular diffusion caused by the small diffusive distance.
Using bubble forming experiments in the microchannel, we studied the relationship between the characteristics of bubble formation and the dimensions in the bubble holding section of the device. Then, using CFD simulations, we calculated the influence of the length of the device distance on the concentration distribution of the device. Finally, we performed mixing experiments and compared them with the CFD results under full-slip conditions of the bubble surface. In conclusion, we confirmed the following three items.
(1) To form a stable bubble surface in the channel, it is important to design the depth of the small chamber to be the same as the reference length as the dimension of channel width of the test channels in the "bubble holding section" to avoid a sudden change of inner pressure in the bubble against a decreasing static pressure in the liquid phase.
(2) When the length of the "device distance" as a our defined parameter was set to be the same as that of chamber width in "bubble holding section," a very thin liquid film could be formed and kept stable at the place of formation. This is because the liquid film could moderate the decreasing rate of static pressure in the liquid phase by setting a relatively long device distance. In addition, this condition made it relatively easy to maintain bubble shapes by decreasing the pressure.
(3) The results of the CFD simulations indicated that the "Relative concentration difference" of the device was significantly increased by taking 0.07mm or 0.08mm of the device distance between the two bubbles. Comparison with the actual mixing experiments assured us that the CFD results reflected the advantage of using a certain length of device distance for increasing mixing efficiency. The large change in the flow direction with a large affected area is the most important feature of the current mixing device.
Thus, we confirmed that our concept of a new micromixing device using a thin liquid film between two bubbles with proper device dimensions and flow conditions can increase diffusive and convective flux for mass transport. In our subsequent research, we will perform mixing experiments using new channel designs based on the above conclusions, and evaluate the effect of the convective flux near the bubble by more detailed CFD calculations. We will also conduct the mixing experiments with different boundary conditions on the surface of the mixing device between the gas-liquid free interface and a solid surface.
